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ABSTRACT: The mechanistic origin of alkene dimerization on
Ni sites supported on aluminosilicates has been ascribed to both

Ni)v Y 4

coordination—insertion (i.e, Cossee-Arlman) and metallacycle- H
Coordination-Insertion

based cycles; the latter is often invoked in the absence of externally
supplied cocatalysts or activators that generate Ni-hydride or Ni-
alkyl species to initiate coordination—insertion cycles. Determining
the prevalent reaction mechanism at Ni sites is often complicated
by the formation and consumption of alkene dimer products via
oligomerization and other parallel reactions (e.g., cracking,
isomerization) that occur at Brensted acid sites on supports.
Here, ethene dimerization (453 K) was studied on Beta zeolites
synthesized to contain predominantly exchanged Ni** sites
according to site balances determined by cation exchange, and to
Ni structure determined by CO infrared, UV—visible, and Ni K-edge X-ray absorption spectroscopies. The catalytic behavior of
Ni** sites was isolated by suppressing contributions from residual H" sites on support structures, either by selectively poisoning
them with Li* cations or NH," species, or by weakening them using a zincosilicate support. Bronsted acid sites form linear
dimers (1-butene, cis-2-butene, trans-2-butene) in thermodynamically equilibrated ratios, in addition to their skeletal isomers
(isobutene) and products of subsequent oligomerization-cracking cycles; hence, isobutene formation rates serve as a kinetic
marker for the presence of H" sites. After residual H* sites deactivate during initial reaction times or when they are suppressed
prior to reaction, linear butene isomers form in nonequilibrated ratios that are invariant with ethene site-time, reflecting primary
butene double-bond isomerization events catalyzed at Ni**-derived active sites. Ni-zeolites pretreated in oxidative environments
(5 kPa O,, 773 K) show transient activation periods during initial reaction times at dilute ethene pressures (<0.4 kPa) but not at
higher ethene pressures (>0.4 kPa) or in the presence of co-fed hydrogen (S kPa). This behavior is consistent with in situ
ethene-assisted formation of [Ni(II)-H]* intermediates, which isotopically scramble H,—D, mixtures (453 K) and are
quantified from surface H/D exchange reactions (453 K). Taken together, these findings provide unambiguous evidence for the
coordination—insertion mechanism as the dominant route for alkene dimerization at Ni*" cations exchanged onto molecular
sieves.

KEYWORDS: alkene, coordination—insertion, dimerization, ethene, nickel, zeolite

1. INTRODUCTION

Alkene dimerization is an entry step in oligomerization and
chain growth pathways to convert light alkenes into heavier
hydrocarbons,”> which provide routes to convert ethene
derived from shale gas hydrocarbons (e.g, via ethane steam
cracking”) into chemicals and liquid fuels. Nickel supported
on heterogeneous solids including silica,”® silica—alumina,””®
zeolites,”” "’ mesoporous materials,'*”"” and sulfated alumi-
na'®*™*" are reported to catalyze ethene dimerization in the
absence of externally supplied activators or cocatalysts. Such
catalysts (e.g,, Ni-SiO,,° Ni-SBA-15>") have been proposed to
operate by the metallacycle mechanism, based on observations
that certain homogeneous complexes (e.g, Ni organo-
phosphines™**) also do not require an external initiator and
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are able to dimerize alkenes by metallacycle-based cycles. In
contrast, when cocatalysts (e.g., modified methyl aluminoxane
(MMAO)) are used with other classes of Ni-based
heterogeneous solids, such as Ni** cations supported onto
metal—organic frameworks (MOFs; e.g., Ni-MFU-41*"),
ethene dimerization is reported to be catalyzed by the
coordination—insertion mechanism (i.e,, Cossee-Arlman,
degenerate polymerization), as originally proposed for alkene
polymerization by Ziegler—Natta catalysts.”>~>” This behavior
resembles that of homogeneous a-diimine Ni complexes,”*”

Received: August 10, 2018
Revised:  October 19, 2018
Published: October 22, 2018

DOI: 10.1021/acscatal.8003202
ACS Catal. 2018, 8, 11407—-11422


pubs.acs.org/acscatalysis
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.8b03202
http://dx.doi.org/10.1021/acscatal.8b03202

ACS Catalysis

Research Article

which catalyze alkene dimerization once external activators
(e.g., alkyl aluminum or boron compounds)**~** are added as
initiators to form metal—alkyl species.”> Such activators are
also reported to enhance reaction rates but are not required to
initiate the coordination—insertion catalytic cycle in the case of
certain methallyl Ni catalysts** and Shell Higher Olefin Process
(SHOP) catalysts,”> because these form Ni-hydride struc-
tures’® in situ via elimination of ligands bound to the Ni
center. Recently, however, isolated Ni** cations grafted at
silanol defects in Beta zeolites were proposed to catalyze
coordination—insertion dimerization via Ni-ethenyl-hydride
intermediates, without an externally supplied activator.*®

Mechanistic studies on Ni-based heterogeneous catalysts are
complicated, in part because residual Bronsted acid (H*) sites
on supports also catalyze alkene dimerization and isomer-
ization’ ™" to form a mixture of terminal and internal alkene
isomers, and in part because Ni' sites (Ni-Si0,,° Ni-MCM-
41,*" Ni—X,”> and Ni—-Y"), Ni?* sites (Ni-MCM-41,"* Ni-
Beta,'""® Ni—X'?), and NiOH* sites (Ni-MCM-41"*) have
been purported as candidate precursors to the Ni active sites.
Terminal alkene products of ethene oligomerization on Ni-
exchanged aluminosilicates (e.%, Y,* MCM-22,° MCM-36,
MCM-41,"* SBA-15,*' Beta'""’) have been proposed to
form at Ni* cations, while internal alkene isomers have been
ascribed to contributions of secondary isomerization at residual
H* sites. Yet, for ethene oligomerization (393 K, 25 bar C,H,)
on Ni-exchanged Beta,"* both terminal and internal alkenes
have been proposed to be formed as primary products at Ni**
sites, based on observations that yields of both products
increased linearly with conversion."

Here, we study the mechanistic details of ethene
dimerization (453 K) at Ni** cations exchanged onto
aluminosilicate Beta zeolites, in the absence of cocatalysts or
externally supplied activators, to provide unambiguous
evidence supporting the coordination—insertion mechanism.
The catalytic contributions of residual Brensted acid sites on
aluminosilicate supports were suppressed by selective
prepoisoning with spectator alkali cations (Li*) or base titrants
(NH,") and by weakening their acid strength by using
zincosilicate supports. Isobutene, the skeletal isomer of dimer
products, serves as a kinetic marker for the presence of H" sites
during reaction, and its disappearance after deactivation of
residual H" sites allows identifying butene isomers formed as
primary products at Ni-derived active sites. Butenes site-time
yields show an activation transient during initial reaction times
at dilute ethene pressures (<0.4 kPa), which disappears at
higher ethene pressures (>0.4 kPa) or in the presence of co-fed
H, (5 kPa). These data implicate the formation of [Ni(Il)-H]*
intermediates, whose presence is detected by H/D isotopic
scrambling and H,—D, exchange experiments. Taken together,
the presence of [Ni(II)-H]* intermediates formed in the
absence of externally supplied activators, the prevalence of a
Ni** oxidation state by in situ X-ray absorption spectroscopy,
and the formation of linear butenes as primary products
provide the requisite evidence supporting the coordination—
insertion mechanism for ethene dimerization.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Catalysts and Control Samples.
Samples are referred to as X-Y-[M]Beta, where X and Y denote
the extraframework cations present, and M denotes the
framework heteroatom (either Al or Zn). The zincosilicate
support Li-[Zn]Beta (CIT-6) was synthesized using a

hydrothermal synthesis procedure reported by Takewaki and
others.® 0.99 g of zinc acetate dihydrate (Sigma-Aldrich,
99.9% pure) and 0.316 g of lithium hydroxide monohydrate
(Sigma-Aldrich, 99.95% pure) were added to 46.73 g of
ultrapure water (18.2 MQ cm) and 22.87 g of tetraethylam-
monium hydroxide (Sigma-Aldrich, 40% (w/w)). The mixture
was stirred for ~0.25 h, until all the solids were completely
dissolved. Colloidal silica (22.87 g; Sigma-Aldrich, 40% (w/
w)) was then added to the mixture, and it was stirred for 2 h.
The final synthesis gel mixture had the following molar
composition: 0.65 tetraethylammonium hydroxide (TEAOH)/
$i0,/0.05 LiOH-H,0/0.03 Zn(CH,COO),2H,0/30 H,0.
The gel was then transferred to Teflon-lined, stainless steel
autoclaves and was heated statically at 413 K for 138 h in a
forced convection oven. The product was collected by
centrifugation, washed with ultrapure water and acetone, and
then dried overnight in an oven at 363 K.

The Ni—Li-[Zn]Beta sample was synthesized by nickel
exchange of the Li-[Zn]Beta support using a template ion
exchange procedure.”” ™" Nickel exchange was performed at
348 K for 5 h using 100 mL of aqueous 0.1 M Ni(NO;),
(Sigma-Aldrich, 99.999%) solution per 1 g of solid catalyst.
The pH of the exchange solution was adjusted to 7 at the start
using 0.1 N NaOH (Sigma-Aldrich, 99.99%). The exchanged
product was collected by centrifugation and washed with
ultrapure water. The washed catalyst was dried at ambient
temperature in flowing air. The organic template and residual
nitrates were removed by treatment in flowing dry air (20 cm?
s g-cat™!, 99.999% ultrahigh purity (UHP), Matheson Tri-
Gas) at 853 K (0.0167 K s7') for 10 h, in a muffle furnace
(Nabertherm LE 6/11/P300).

The Ni—H-[Al]Beta sample was synthesized starting from a
commercial NH,-[Al]Beta support (Zeolyst International,
CP814E Lot No. 2493-65). The NH,-[Al]Beta was first
converted into H-[Al]Beta by treatment in flowing dry air
(1.67 em® 57! g-cat™, 99.999% UHP, Matheson Tri-Gas) at
773 K (0.0167 K s7') for 4 h. H-[Al]Beta was subjected to
nickel exchange at 348 K for 16 h using 100 mL of aqueous 0.3
M Ni(NO;), (Sigma-Aldrich, 99.999%) solution per gram of
solid catalyst. The product was collected by centrifugation and
washed with ultrapure water. The washed catalyst was dried at
ambient temperature in flowing air. Residual nitrates were
removed by treatment in flowing dry air (20 cm® s™' g-cat™!,
99.999% UHP, Matheson Tri-Gas) at 773 K (0.0167 K s™") for
4 h, in the muffle furnace.

The Ni—Li-[Al]Beta was also synthesized starting from
commercial NH,-[Al]Beta support (Zeolyst International,
CP814E Lot No. 2493-65). The NH,-[Al]Beta was first
converted into H-[Al]Beta as described above. H-[ Al]|Beta was
subjected to lithium exchange at ambient temperature for 24 h
using 100 mL of aqueous LiNO; (Sigma-Aldrich, reagent
grade) solution per gram of catalyst. The pH was periodically
adjusted to ~7 using a 0.1 M LiOH (Sigma-Aldrich, 99.995%)
solution. The resulting Li-[Al]Beta was collected by
centrifugation, washed with ultrapure water, dried overnight
in an oven (363 K), and treated in flowing dry air (20 cm® s~
g-cat™!, 99.999% UHP, Matheson Tri-Gas) at 773 K (0.0167 K
s™!) for 4 h, in the muffle furnace. The dried Li-[Al]Beta was
further subjected to nickel and lithium co-cation exchange at
ambient temperature for 24 h using a solution comprising of
0.04 M Ni(NO,), and 0.84 M LiNO;. 100 mL of this solution
was used per gram of Li-[Al]Beta, and the pH was periodically
adjusted to ~7 using 0.1 M LiOH solution. The final product
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Ni—Li-[Al]Beta was collected, washed, dried, and treated in
flowing dry air by procedures identical to those for Ni—H-
[Al]Beta.

2.2. Characterization. Detailed experimental procedures
for X-ray diffraction (XRD), N, adsorption, thermogravimetric
(TGA) and differential scanning calorimetry (DSC) analysis,
scanning electron microscopy (SEM), elemental analysis using
atomic absorption spectroscopy (AAS), quantification of H*
sites using NH; temperature-programmed desorption (TPD),
and Al magic angle spinning nuclear magnetic resonance
(MAS NMR) can be found in Section S.2 of the Supporting
Information.

IR spectra were collected on a Nicolet 4700 spectrometer
with a HgCdTe detector (MCT, cooled to 77 K by liquid N,)
in the range from 4000 to 650 cm™", by averaging 64 scans at 2
cm™' resolution, and taken relative to an empty cell
background reference collected under static vacuum at 303
K. Samples were pressed into self-supporting wafers (0.015—
0.02 g cm™?) and then sealed within a custom-built quartz IR
cell with CaF, windows encased in an alumina silicate ceramic
chamber, the design details of which can be found else-
where.””>® Wafer temperatures were measured by K-type
thermocouples (Omega) within 2 mm on each side of the
wafer. A custom glass vacuum manifold interfacing with the
quartz IR cell was used for sample pretreatment and exposure
to controlled amounts of gaseous titrants. Prior to each
experiment, sample wafers were treated in flowing dry air (6.67
cm® s7! g, ") purified by a Fourier transform infrared (FTIR)
purge gas generator (Parker Balston, <1 ppm of CO,, 200 K
H,O dew point) to 723 K (0.083 K s™*) for 1 h, and then held
under dynamic vacuum at 723 K for 1 h. The wafer was then
cooled under dynamic vacuum to 423 K for adsorption
experiments with pyridine (purified via three freeze—pump—
thaw cycles) or to 85 K (using liquid N,) for adsorption
experiments with CO (Matheson, 99.998%). Titrants were
admitted to the cell in sequential measured doses, and
equilibration of the sample with each dose was considered
when the final pressure in the cell and transfer line did not
change for 180 s. Titrant dosing was continued until saturation,
when detectable features for physisorbed CO (~2133 and
2141 cm™") and gaseous pyridine (~1600 cm™") titrant were
observed. For doses during subsaturation coverages in which
the final pressure was recorded as 0.0 Torr, all of the titrant
introduced to the cell was assumed to adsorb on the sample
wafer. The acquired IR spectra were baseline-corrected and
normalized to combination and overtone modes of zeolite Si—
O-Si vibrations (1750—2100 cm™).

Diffuse reflectance UV—vis spectra were recorded using a
Varian Cary 5000 UV-vis—NIR (NIR = near-infrared)
spectrophotometer attached with a Harrick Scientific Praying
Mantis in situ diffuse reflectance cell. Typically, 0.04—0.0S g of
each sample was loaded into the cell and pressed with a
microscope slide to obtain a uniform surface. Each spectrum
was collected at ambient temperature from 4000 to 52000
em™ (550 cm™' s7') using poly(tetrafluoroethylene) (PTFE; 1
um powder, Sigma-Aldrich) as the 100% reflectance standard
and then converted to an absorption spectrum using the
Kubelka—Munk (F(R)) function. The spectra were collected
on samples (i) first exposed to ambient conditions, (ii) after
subsequent dehydration treatment at 673 K (~0.2 K s™") for 1
h in flowing dry air (20 cm® s g,,~") followed by cooling to
ambient temperature, and (iii) after subsequent hydration
treatment at ambient temperature for 0.5 h using a wet air

stream (20 cm®s™! g, ~3% H,0) obtained by bubbling dry
air through a water saturator at ambient conditions.

X-ray absorption (XAS) measurements at the Ni K-edge
(8.3330 keV) were performed on the bending magnet
beamline of the Materials Research Collaborative Access
Team (MRCAT) at the Advanced Photon Source, Argonne
National Laboratory. Photon energies were selected using a
water-cooled, double-crystal Si(111) monochromator, which
was detuned by ~50% to reduce harmonic reflections.
Measurements were made in transmission mode, and data
points were acquired in three separate regions: a pre-edge
region (—250 to —50 eV, step size = 10 eV, dwell time = 0.25
s), the X-ray absorption near edge structure (XANES) region
(=50 to —30 eV, step size = S eV, dwell time = 0.25 s and —30
to +30 €V, step size = 0.4 eV, dwell time = 0.5 s), and the
extended X-ray absorption fine structure (EXAFS) region (up
to 12 A7, step size = 0.05 A™!, dwell time = 0.5 s). The
ionization chambers were optimized for the maximum current
with linear response (~1 X 10' photons s™') with 10%
absorption in the incident ion chamber and 70% absorption in
the transmission detector. The X-ray beam was 0.5 X 2.0 mm?,
and data were collected in transmission mode. A third detector
in series simultaneously collected a Ni foil reference spectrum
with each measurement for energy calibration. Samples were
pressed into a cylindrical sample holder consisting of six wells,
forming a self-supporting wafer. The sample holder was placed
in a quartz reactor tube (1 in. OD, 10 in. length) sealed with
Kapton windows by two Ultra-Torr fittings through which
gases could be flowed. Samples were analyzed at ambient
temperature in He to determine Ni structure under hydrated
conditions, and at ambient temperature after treatment at 673
K for 0.5 h in flowing He (111 cm®s™' g_,,™") to determine Ni
structure under dehydrated conditions. To determine
oxidation state of Ni under reaction conditions, the dehydrated
Ni—Li-[Al]Beta sample was contacted with a stream of 0.07
kPa ethene (278 cm® s™! g, ') obtained by diluting ethene
(3% C,H,, 97% He, Airgas, 99.999% purity) with He
(99.999% UHP, Airgas) at 453 K for 0.25 h and then cooled
to ambient temperature to collect the spectrum in the presence
of ethene.

The H,—D, isotopic scrambling and exchange experiments
were performed using a Micromeritics Autochem II 2920
Chemisorption analyzer connected to a Residual Gas Analyzer
(model 200, Stanford Research Systems). Samples were
pelleted and sieved to a particle size between 180 and 250
um. Approximately 0.015—0.020 g of each sample was loaded
into a quartz U-tube reactor and supported between two
quartz wool plugs. All samples (except for 1% Pt/AL,O;) were
first treated in flowing dry air (4.2—5.5 cm® s™" g, ", 99.999%
UHP, Matheson Tri-Gas) at 803 K (0.167 K s™!) for 5 h and
then cooled to 453 K and flushed with Ar for 0.5 h. The 1%
Pt/AL,O; sample was first treated in flowing 5% H,/95% Ar
(5.5 cm® 57! g, !, 99.999% UHP, Matheson Tri-Gas) at 673
K (0.167 K's™") for 1 h and then cooled to 453 K. Following
the treatment, signals were continuously recorded for m/z of 2
(H,), 3 (HD), 4 (D,), 20 (Ar**), and 40 (Ar*). For H/D
isotopic scrambling experiments, separate gas mixtures
comprising 5% H,/95% Ar and 5% D,/95% Ar (99.999%
UHP, Matheson Tri-Gas) were combined in different relative
amounts in a bypass line to measure feed H,/D,/Ar
compositions, and then this combined gas stream was flowed
over the sample (453 K, 42—5.5 cm® s™! g_,,™"), until steady-
state signals for H,, D,, and HD were obtained. For H/D
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Table 1. Elemental Composition of Samples in this Study”

sample Ni (wt %) Si/M Li/M
H-[Al]Beta 11.0 0
Ni—H-[Al]Beta L1 11.0 0
Li-[Al]Beta 11.0 1.01
Ni—Li-[Al]Beta 16 11.0 0.50
Li-[Zn]Beta 4.5 0.45
Ni-Li-[Zn]Beta 13 45 0.08

Ni/M H*/M® (cationic charge)/M° Al/AL,?
0 0.65 0.65 0.78
0.20 0.25 0.65 nd
0 nd 1.01 0.97
0.26 nd 1.02 nd
0 nd 0.45
0.16 nd 0.40

“M denotes framework metal center (AI** or Zn>*). nd indicates not determined. “Measured by NH; TPD. “Calculated assuming a 2:1
stoichiometry for Ni** and a 1:1 stoichiometry for H* and Li*. “Measured by Al MAS NMR.

surface exchange experiments, the sample was first held in a
flowing 5% H,/95% Ar mixture (4.2—5.5 cm®s™' g, 7") at 453
K for 1-2 h, followed by an instantaneous switch to an inlet
5% D,/95% Ar mixture (4.2—5.5 cm® s™! g.,”") using a four-
port switching valve (VICI Valco). Then, the sample was held
in flowing 5% D,/95% Ar at 453 K for 1—2 h, after which the
flow was switched instantaneously to the 5% H,/95% Ar
mixture. This procedure was repeated 2—3 times (Figures S39
and S41—S44, Supporting Information), and the HD signal
was quantified using a response factor relative to an Ar internal
standard (m/z = 20), obtained by equilibrating H,/D,
mixtures (in Ar) of different composition over a 1% Pt/
Al,O; sample at 673 K. The 1% Pt/Al,O; sample was prepared
by using a procedure reported elsewhere.”* The moles of HD
formed at Ni sites on Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta
were estimated by subtracting the moles of HD formed in
equivalent experiments performed on Li-[Al]Beta and Li-
[Zn]Beta control samples, respectively (details in Section
S.14.6, Supporting Information).

2.3. Measurement of Product Site-Time Yields. The
site-time yields of ethene reaction products were measured in a
plug-flow tubular quartz reactor at 453 K. Catalyst samples
were pelleted and sieved to retain particles between 180 and
250 pm. The amount of sample charged to the reactor was
varied between 0.002 and 0.050 g, and samples were diluted
with pure-silica Beta (Si-Beta-F) to ensure a minimum of 0.025
g of total solids in the reactor. The catalyst bed was supported
in the reactor between two quartz wool plugs. Reactor
temperatures were controlled using a resistively heated three-
zone furnace (Series 3210, Applied Test Systems) and Watlow
controllers (EZ-Zone Series). The temperature of the catalyst
bed was measured with a K-type thermocouple in direct
contact with the external surface of the quartz tube and
positioned at the center of the catalyst bed.

Before measurement of site-time yields, samples (0.01—0.10
g) were treated at 803 K (0.0167 K s7!) in a 5% 0,/95% He
mixture (16.7 cm® g.,”' 57", 99.999%, Matheson Tri-Gas) for
4 h followed by cooling to 453 K. During this time, the
reactant mixture consisting of ethene (1% C,H,, 5% Ar, 94%
He, Matheson Tri-Gas, 99.999% purity) and He (Pure,
Matheson Tri-Gas, 99.999% purity) was transferred to the
gas chromatography—mass spectrometry (GC-MS) detector
(Agilent 7890B GC; Agilent S975C MSD) via heated lines
(393 K) for calibration purposes. After the catalyst bed was
cooled to 453 K, it was treated in pure He flow (16.7 cm® g,
s7!, 99.999%, Matheson Tri-Gas) for at least 0.5 h. The
reactant mixture (also containing H,, in the case of the co-feed
experiments) was passed over the catalyst bed under near-
ambient pressures, and pressure measurements were recorded
using a digital pressure transducer (PX309 series, OMEGA).
Reactants and products were separated using GS-AL/KCI

capillary column (0.530 mm ID X S0 m; Agilent) and detected
using flame ionization detector. The products were identified
using the National Institute of Standards and Technology
(NIST) spectra library database and also verified by injecting
known hydrocarbon standards. Reactants were diluted with He
(99.999%, Matheson Tri-Gas) to vary the partial pressure and
molar flow rates of ethene (0.01—1 kPa; 1 X 107/—10™* (mol
ethene) ¢! s7'). In the case of small quantities of catalysts
(0.002—0.01 g), they were diluted (1:10 ratio) with pure-silica
Beta (Si-Beta-F), which was independently determined to be
catalytically inert in the presence of ethene at 453 K. The
catalysts were regenerated between consecutive experiments,
because they were observed to deactivate with time on stream.
The ethene conversion was determined as the ratio of total
carbon molar flow rates in products to the total carbon molar
flow rates in the ethene feed. The molar selectivities were
calculated as the ratio of the site-time yield of given product to
that of the total site-time yields of all detected products. The
control samples, namely, Li-[Zn]Beta and Li-[Al]Beta, showed
undetectable reactivity in the presence of ethene (0.1—1 kPa)
at 453 K.

3. RESULTS AND DISCUSSION

3.1. Preparation of Nickel lon-Exchanged Molecular
Sieves. All samples are referred to as X-Y-[M]Beta, where X
and Y denote the extraframework cations present, and M
denotes the framework heteroatom (either Al or Zn). The H-
[Al]Beta sample was prepared by treating an NH,-[Al]Beta
sample in flowing air at elevated temperature (773 K) and was
subsequently ion-exchanged with either an aqueous Ni(NO;),
solution or an aqueous LiNOj; solution (pH ~ 7) to obtain the
Ni—H-[Al]Beta or Li-[Al]Beta samples, respectively. The Ni—
Li-[Al]Beta sample was prepared by simultaneous ion
exchange of Li-[Al]Beta with an aqueous solution containing
Ni(NO;), and LiNO; (pH = 7). In the case of the
zincosilicate materials, a previously reported hydrothermal
procedure™ was used to synthesize Li-[Zn]Beta, which was
then template ion-exchanged49_51 with an aqueous Ni(NO;),
solution to obtain the Ni—Li-[Zn]Beta sample. For all samples,
XRD patterns (Figure S1, Supporting Information), micropore
volumes (Table S1, Supporting Information) determined from
N, adsorption isotherms (77 K) (Figures S2 and S3,
Supporting Information), *’Al MAS NMR spectra (Figure
SS, Supporting Information), and SEM images (Figure S6,
Supporting Information) are reported in the Supporting
Information.

Table 1 summarizes the elemental composition on each
sample determined by AAS, the number of residual H" sites
quantified by NH; temperature programmed desorption
(TPD), and the fraction of framework Al atoms (Al;/Al,)
determined by *’Al MAS NMR. The cationic charge balance
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((cationic charge)/M, Table 1) on H-[Al]Beta was quantified
by TPD after aqueous-phase NHj titration of H sites, and on
Li-[Al]Beta and Li-[Zn]Beta it was quantified by AAS to
measure the total Li content. The cationic charge balances on
each parent sample were similar to those on their respective
Ni-exchanged forms, which are reported in Table 1 and
calculated from the number of residual monovalent (H* or
Li*) cations and the number of Ni species on the solid
(assuming a 2:1 exchange stoichiometry per divalent Ni**
cation). Furthermore, an elemental balance performed for
lithium and nickel present on the parent Li-[Zn]Beta and the
Ni—Li-[Zn]Beta solids, and the lithium and nickel present in
aqueous solutions before and after the template Ni ion-
exchange procedure (Table S3, Supporting Information), were
consistent with a 2:1 exchange stoichiometry. The Ni/Al value
on Ni—H-[Al]Beta (0.20, Table 1) was identical to the number
of divalent Ni** and Co*" cations exchanged at saturation on
the parent H-[Al]Beta sample, which was determined by
measuring ion-exchange isotherms (0.20; Figures S7 and S8
Supporting Information). The Ni/Al value on the Ni—Li-
[Al]Beta sample (0.26, Table 1) was higher than the total
number of divalent cations exchanged onto H-[Al]Beta at
saturation (0.20), because of the specific exchange conditions
used to prepare this sample.

The higher Ni** uptake on the Ni—Li-[Al]Beta than the Ni—
H-[Al]Beta sample appears to reflect, in part, the higher
fraction of tetrahedrally coordinated framework Al sites (Aly/
Al,,, Table 1) present on the parent Li-[Al]Beta (0.97) than
the parent H-[Al]Beta (0.78) sample. The H*/Al,,, value was
lower (0.65, Table 1) than the measured fraction of framework
Al (0.78, Table 1) on H-[Al]Beta, perhaps because partial
hydrolysis of Si—O—Al bonds™ formed some undercoordi-
nated Lewis acidic Al during conditions of aqueous NH;
titration, which are otherwise detected as tetrahedral species
because of the hydration treatments performed prior to
collecting Al MAS NMR spectra. Such ?henomena would
be consistent with prior studies on Beta’”° and ZSM-5°
zeolites, in which the replacement of NH,* or alkali cations
with H" caused the reversible transformation of tetrahedral Al
into octahedral Al. Cobalt cations can be exchanged nearly
exclusively as divalent Co®', and saturation Co*'-exchange
capacities provide quantitative measurements of zeolite
framework Al centers located in close proximity. Co®" cations
were introduced onto H-[Al]Beta and NH,-[Al]Beta by
aqueous ion-exchange, and the Co*"-exchange isotherms
(Figures S8 and S10, Supporting Information) gave saturation
Co/Al values of 0.20 and 0.35, respectively, indicating a lower
fraction of Al sites in close proximity’® on H-form samples in
aqueous solution. This finding is consistent with a *’Al
multiple quantum (MQ) MAS NMR study of zeolite Beta>”
concluding that framework Al sites in close proximity are more
susceptible than isolated Al to undergo partial or complete
removal from the zeolite lattice. In the case of Li-[Zn]Beta, the
Li/Zn ratio of 0.4S (Table 1) cannot be interpreted at face
value, given that both Li* and tetraethylammonium (TEA*)
cations charge-balance framework Zn** during crystallization,
that TEA" cations decompose to leave behind H sites after
subsequent high-temperature treatments (detected from IR
spectra of adsorbed CO, Figure S14, Supporting Information),
and that framework Zn sites in different configuration require
different numbers of Li* (0, 1, or 2) for charge-
compensation.’” Taken together, these data are consistent
with the predominant exchange of Ni** cations on Ni—H-
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[Al]Beta, Ni—Li-[Al]Beta, and Ni—Li-[Zn]Beta, and we next
characterize Ni structure and coordination using direct
spectroscopic probes.

3.2. Spectroscopic Characterization of Ni Structure
and Geometry. Infrared spectra of CO adsorbed (85 K) on
Ni—H-[Al]Beta, Ni—Li-[Al]Beta, and Ni—Li-[Zn]Beta are,
respectively, shown in Figure la—c. All samples were first

(a) mol CO / mol Nj
— 593

— 3.10

@
-
o
o

(b)

Normalized Absorbance / a.u.

(c)
3.19
2.62
1.97
1.22
0.84
0.49
0.24

2300 2250 2200 2150 2100 2050 2000
Wavenumber / cm

Figure 1. Infrared difference spectra (relative to a vacant surface) with
increasing amounts (light to dark) of CO adsorbed at 85 K for (a)
Ni—H-[Al]Beta, (b) Ni—Li-[Al]Beta, and (c) Ni—Li-[Zn]Beta. The
dark black line indicates spectra collected at saturation coverages
(CO/Ni > 1.0; peaks observed at 2133 and 2141 cm™! are for
physisorbed CO).

treated in vacuum to 823 K (1 h) and then cooled to 85 K
prior to CO exposure. IR spectra were collected with
increasing CO coverage, until peaks for physisorbed CO
(2133, 2141 cm™")*"%* and CO adsorbed at silanol groups
(2160 cm™")°"> were observed. Absorption features for CO
on NiO particles supported on Si-Beta-F (ca. 2155 cm™,
Figure S13, Supporting Information)'"** or metallic Ni
nanoparticles (ca. 2030 cm™1)*>%® were not observed on any
sample.

IR spectra of CO adsorbed on Ni—H-[Al]Beta and Ni—Li-
[Al]Beta (Figure la,b) samples showed peaks centered at 2213
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Figure 2. Diffuse reflectance UV—vis spectra collected under hydrated (light traces) and dehydrated conditions (dark traces) for (a) Ni—H-
[Al]Beta, (b) Ni—Li-[Al]Beta, and (c) Ni—Li-[Zn]Beta. Underlined and nonunderlined wavenumbers indicate the absorption features for distorted

tetrahedral Ni** cations and for octahedral Ni** cations, respectively.

and 2206 cm™' for Ni**(CO) and Ni**(CO), complexes,
respectively.”>®” These peaks were not observed for IR spectra
of CO adsorbed on Ni—Li-[Zn]Beta (Figure 1c); however, a
predominant feature at 2196 cm™' was observed on this
sample. The 2196 cm™" peak appears to correspond to CO
adsorbed onto Ni** cations grafted at silanol defects, as IR
peaks of similar frequency have been reported for CO bound
to Ni** cations in nickel-impregnated silica®® and dealuminated
Beta.”” In the case of zincosilicate Beta, framework Zn centers
have been reported to be unstable in air treatment at high
temperatures (>823 K).** Thus, the air-treatment procedure
used here likely removed some framework Zn atoms to form
framework vacancy defects, leading to the predominant
formation of grafted Ni** cations. Moreover, the Ni—Li-
[Zn]Beta sample showed a small peak centered at 2222 cm™
for a second type of Ni**(CO) complex that is reported®””° to
be distinct from the Ni**(CO) complex at 2213 cm™. The
formation of two types of Ni*(CO) complexes has been
speculated to reflect Ni** cations located in different locations
of Beta®” and ZSM-5.°7°

In addition to features corresponding to Ni*" sites, IR peaks
for CO adsorbed at Bronsted acid sites (2174 cm™;”"" H-
[Al]Beta spectra in Figure S11, Supporting Information) were
only observed on Ni—H-[Al]Beta (Figure 1a), while those for
CO adsorbed at Li* cations (2185 cm™; Li-[Al]Beta spectra in
Figure S12 and Li-[Zn]Beta spectra in Figure S14, Supporting
Information) were observed on Ni—Li-[Al]Beta (Figure 1b)
and Ni—Li-[Zn]Beta (Figure 1c). In the case of Ni—Li-
[Zn]Beta (Figure 1c), the IR peak at 2170 cm™' was also
observed on Li-[Zn]Beta (Figure S14, Supporting Informa-
tion) but not on H-[Al]Beta (Figure S11, Supporting
Information) nor on Li-[Al]Beta (Figure S12, Supporting
Information), and is assigned to Zn—OH groups. The 2176
cm™! peak observed on Ni—Li-[Zn]Beta (Figure 1c) was also
observed on Li-[Zn]Beta (Figure S14, Supporting Informa-
tion), and is analogous to 2174 cm™' peak for Bronsted sites
on H-[Al]Beta (Figure S11, Supporting Information) and Ni—
H-[Al]Beta (Figure 1b) and is therefore assigned to minority
Bronsted sites in zincosilicates that are proposed to be too
weak to protonate pyridine®® (details in Section S.4.6,
Supporting Information).

IR spectra collected at low CO coverages (CO/Ni < 1.0) of
Ni—H-[Al]Beta (Figure la) also showed peaks centered at
2113 cm™ for Ni*(CO) and at 2138 and 2095 cm™ for the
symmetric and asymmetric modes of Ni*(CO),, respec-
tively.”>"” These IR peaks disappeared with increasing CO
coverage (CO/Ni > 1.0), which led to the emergence of new
peaks centered at 2106, 2123, and 2156 cm™" corresponding to
Ni*(CO), complexes,“’67 consistent with the conversion of
Ni*(CO) and Ni*(CO), complexes into Ni*(CO);. The Ni*
cations appeared to have formed upon vacuum treatment (823
K, 1 h) by Ni** auto-reduction phenomena that have reported
previously for Ni-exchanged NaY*’ and Ni-impregnated ZSM-
5.”° Higher IR peak intensities for CO at Ni* cations in NaY
were observed, as the temperature of thermal treatments (air, 8
h) increased from 473 to 823 K,** and in ZSM-$ they were
observed for samples treated in vacuum (but not in O,) via
mechanisms proposed to occur by consumption of hydroxyl
groups.”’ Absorption features for Ni* carbonyl complexes were
not observed on Ni—Li-[Al]Beta (Figure 1b) or Ni—Li-
[Zn]Beta (Figure 1c) samples that contained residual Li*
cations, suggesting that auto-reduction events may involve
H* sites. The small intensity of the Ni*(CO) peak (2113
cm™!) relative to the Ni**(CO) peak (2213 cm™) on Ni—H-
[Al]Beta (Figure 1c), however, indicates that only a minority
fraction of Ni is formed during the vacuum treatment, given
that extinction coefficients measured for the Ni*(CO) peak at
2113 cm ™" are reported to be 10 times larger than that for the
Ni?*(CO) peak at 2213 cm™."

Diffuse reflectance UV—visible (DRUV) spectra collected at
ambient temperature of Ni—H-[Al]Beta, Ni—Li-[Al]Beta, and
Ni—Li-[Zn]Beta are shown, respectively, in Figure 2a—c, when
collected under hydrated (light traces) and dehydrated (dark
traces) conditions. All samples were first treated in flowing dry
air to 673 K (1 h), before cooling to ambient temperature to
collect spectra under dehydrated conditions. The samples were
then rehydrated in flowing wet air (0.5 h) to collect spectra
under hydrated conditions at ambient temperature. The sharp
features centered at 5250 and 7200 cm™" for all samples under
hydrated conditions (light traces) represent the combination
of stretching and bending modes of H,O and the first overtone
of the silanol O—H stretching vibration, respectively.”>”*
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The light traces in Figure 2a—c, respectively, show the
DRUV spectra of Ni—Li-[Al]Beta, Ni—H-[Al]Beta, and Ni—
Li-[Zn]Beta samples collected under hydrated conditions. All
three samples showed absorption bands at 8600, 13 700, and
25500 cm™, respectively, corresponding to the spin-allowed
d—d transmons CAy(F) = *Ty(F), *Ay(F) — *T\(F),
3A2g(F) T(P)) of an octahedral N12+(H20)6 species. P78
These samples also showed an additional band at 15200 cm™
for the spin-forbidden d—d transition (*A,,(F) — 'E,(D)) of
the Ni**(H,0); species. This spin-forbidden d—d transmon
was observed previously for Ni-exchanged Beta’”®" and
FAU*"** and was attributed to spin—orbit coupling, which
causes the 'E(D) and T ,(F) levels to become similar in
energy.” Thus, under hydrated conditions, Ni** cations on
Ni—H-[Al]|Beta, Ni—Li-[Al]Beta, and Ni—Li-[Zn]Beta are
present in octahedral coordination with oxygen atoms.

The dark traces in Figure 2a—c, respectively, show the
DRUV spectra of Ni—Li-[Al]Beta, Ni—H-[Al]Beta, and Ni—
Li-[Zn]Beta samples under dehydrated conditions. The Ni—H-
[Al]Beta and Ni—Li-[Al]Beta samples showed absorption
bands at 5800, 12200, 14000, 18900, and 23000 cm™,
respectively, corresponding to the spin-allowed d—d transition
CTy(F) = *Ty(F), *T\(F) = *A,(F), and °T,(F) — T (P)
that is split into three components because of tetrahedral
distortion®”) of Ni** cations in distorted tetrahedral coordina-
tion.*””*" The transformation of Ni** cations from an
octahedral (hydrated) to distorted tetrahedral (dehydrated)
geometry is consistent with the predominance of exchanged
Ni** cations in ion-exchange positions of Ni—H-[Al]Beta
(Figure 2a) and Ni—Li-[Al]Beta (Figure 2b), consistent with
their cation site balances (Table 1) and CO IR spectra (Figure
1). The DRUV spectrum of Ni—Li-[Zn]Beta under dehydrated
conditions (Figure 2c, dark trace), however, was similar to that
collected under hydrated conditions (Figure 2c, light trace),
indicating that Ni** cations remain predominantly octahedrally
coordinated to oxygen atoms. Similar observations of
octahedrally coordinated Ni** cations under ambient and
dehydrated condltlons have been reported for Ni-exchanged
siliceous MCM-41,"" proposed to contain Ni** cations grafted
at six-membered siloxane rings and coordinated to oxygen
atoms from adjacent hydroxyl groups.”’ Thus, these findings
suggest the predominance of grafted Ni** species on Ni—
Li[Zn]Beta, consistent with CO IR spectra (Figure 1).

XANES spectra are shown in Figures S17 and S18
(Supporting Information) for Ni—H-[Al]Beta, Ni—Li-[Al]-
Beta, and Ni—Li-[Zn]Beta under hydrated and dehydrated
conditions and for Ni—Li-[Al]Beta during ethene dimerization
(453 K, 0.07 kPa), with the results summarized in Table 2.
Under both hydrated and dehydrated conditions, the pre-edge
energy (Table 2) and pre-edge feature (Figure S18, Supporting
Information) of Ni—H-[Al]Beta, Ni—Li-[Al]Beta, and Ni—Li-
[Zn]Beta samples were the same as those of a NiO standard,
indicating an oxidation state of +2, consistent with
predominance of Ni** cations as indicated by the site balance
(Table 1) and CO IR spectroscopy (Figure 1). Further, the
XANES spectra collected for the dehydrated Ni—Li-[Al]Beta
sample and the Ni—Li-[Al]Beta sample during reaction with
ethene (453 K, 0.07 kPa) were identical (Figures S17 and
$18), providing evidence for the prevalence of the +2 oxidation
state for Ni during ethene dimerization catalysis, c0n51stent
with prior reports for propene ohgomenzatlon on Ni—-X."?

The coordination geometry of Ni** cations was quantita-
tively assessed from the EXAFS region. Figures S19 and S20

Table 2. XANES Results for Ni—H-[Al]|Beta, Ni—Li-
[Al]Beta, and Ni—Li-[Zn]Beta Samples under Hydrated and
Dehydrated Conditions and for Ni—Li-[Al]Beta during
Ethene Dimerization (453 K, 0.07 kPa)

edge
pre-edge energy oxidation
sample, condition energy (keV) (keV) state
Ni—H-[Al]Beta, hydrated 8.3333 8.3429 +2
H-[Al]Beta, dehydrated 8.3331 8.3406 +2
Li-[Al]Beta, hydrated 8.3333 8.3429 +2
Ni—Li-[Al]Beta, dehydrated 8.3331 8.3406 +2
Ni—Li-[Al]Beta, dimerization 8.3331 8.3406 +2
(453 K, 0.07 kPa ethene)
Ni—Li-[Zn]Beta, hydrated 8.3332 8.3423 +2
Ni—Li-[Zn]Beta, dehydrated 8.3332 8.3423 +2
NiO, dehydrated 8.3332 8.3410 +2

(Supporting Information) show the EXAFS regions of the Ni—
H-[Al]Beta and Ni—Li-[Al]Beta samples under hydrated and
dehydrated conditions, and the results are summarized in
Table 3. The fitted EXAFS model considered the first shell to
represent Ni—O scatter and the second shell to represent
either Ni—Si or Ni—Al scatter. The Ni—H-[Al]Beta and Ni—
Li-[Al]Beta samples under hydrated and dehydrated con-
ditions showed Ni—O coordination numbers of 6 and 4,
respectively, indicating that Ni was present as octahedral
Ni**(H,0)¢ under hydrated conditions and as tetrahedral Ni**
cations coordinated to framework oxygens after dehydration,
consistent with DRUV spectra (Figure 2a,b). Further, Figure
S21 (Supporting Information) shows the EXAFS region of the
Ni—Li-[Zn]Beta sample under hydrated and dehydrated
conditions, and the results are also summarized in Table 3.

Table 3. EXAFS Fitting Results for Ni—Li-[Al]Beta and Ni—
Li-[Zn]Beta Samples under Hydrated and Dehydrated
Conditions

scattering coordination

sample, condition pair number distance (A)
Ni—H-[Al]Beta, hydrated Ni—O 6.1 + 0.1 2.04 + 0.01
Ni—Si/Al 1.7 +£ 0.6 3.21 + 0.02

Ni—H-[Al]Beta, dehydrated Ni—O 47 +0.8 2.00 + 0.02
Ni—Si/Al 21+£02 2.74 + 0.01

Ni—Li-[Al]Beta, hydrated Ni—O 6.2 + 0.4 2.04 + 0.01
Ni—Si/Al 1.6 + 0.7 3.23 + 0.02

Ni—Li-[Al]Beta, dehydrated Ni—O 43 +02 2.00 + 0.01
Ni—Si/Al 1.9 +£ 0.2 2.75 £ 0.01

Ni—Li-[Al]Beta, dimerization Ni—O 41+ 02 2.00 £+ 0.01

(453 K, 0.07 kPa ethene)

Ni—Si/Al 20+ 02 2.74 + 0.01

Ni—Li-[Zn]Beta, hydrated Ni—O 6.6 + 0.4 2.04 £ 0.01
Ni—Li-[Zn]Beta, dehydrated Ni—O 6.6 + 0.4 2.04 + 0.01
NiO, dehydrated Ni—O 6.0 2.07 + 0.01

The fitted EXAFS model considered the first shell to represent
Ni—O scatter; however, no appropriate model was found to
describe the second shell scatter. The hydrated and dehydrated
Ni—Li-[Zn]Beta samples both showed a Ni—O coordination
number of 6, consistent with the predominance of grafted Ni**
species in Ni—Li[Zn]Beta, as evident from its DRUV (Figure
2¢) and CO IR (Figure 1) spectra.

In summary, CO IR, DRUV, and XAS spectroscopies
indicate that Ni is predominantly present as exchanged Ni**
cations on Ni—H-[Al]Beta and Ni—Li-[Al]Beta and as grafted
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Ni** cations on Ni—Li-[Zn]Beta. In the dehydrated state and
during ethene dimerization, Ni** cations in Ni—Li-[Al]Beta are
four-coordinate and predominantly in distorted tetrahedral
geometry according to UV—vis, XANES, and EXAFS data,
consistent with the distorted tetrahedral environment of Ni?*
sites observed within the Ni-MFU-4l MOF material® that
catalyzes ethene dimerization by the coordination—insertion
mechanism.”* Although Ni* cations were observed in minority
amounts on the Ni—H-[Al]Beta sample after vacuum treat-
ment, such species are not expected to persist after an oxidative
treatment. In addition, residual Brensted acid sites were
detected on Ni—H-[Al]Beta but not on Ni—Li-[Al]Beta, while
the residual Bronsted acid sites detected on Ni—Li-[Zn]Beta
are of weaker acid strength than those in aluminosilicates, as
evident by their inability to protonate pyridine under
equivalent conditions. Next, we use these model samples to
probe the reaction pathways of ethene on Ni** cations and H*
sites.

3.3. Ethene Reaction Pathways on Ni?* Cations and
Bronsted Acid Sites. Scheme 1 shows a simplified
representation of the metallacycle mechanism for ethene
dimerization catalyzed by Ni’ centers, where § is the initial
formal oxidation state. The catalytic cycle involves successive
coordination of two ethene molecules, followed by two-
electron oxidation of a Ni’ center to form a Ni’** metal-
lacyclopentane complex, which undergoes p-hydride elimi-
nation and subsequent reductive elimination to form the
terminal alkene (1-butene) as the predominant product.”>***°

Scheme 1. Metallacycle Mechanism for Ethene Dimerization
at a Ni® Active Site

(/\/

1-butene
// Ni-ethene ‘\//‘
Reductive
elimination \
4

N /7
B-I'-\ Ajative
elimination Q coupling
H
.5+2
Ni

Metallacyclopentane
intermediate

.5

Ni-di-ethene

Scheme 2 shows a simplified representation of the coordina-
tion—insertion mechanism for ethene dimerization at [Ni(II)-
H]"* sites, first involving coordination and insertion of ethene
into a Ni-hydride bond, and then into a Ni-alkyl bond,
followed by S-hydride elimination to form 1-butene.”” The
formal Ni oxidation state is +2 for all reactive intermediates,
and internal isomers (cis-2-butene, trans-2-butene) are also
formed as primary reaction products by a parallel isomerization
pathway.”****! In contrast to the metallacycle mechanism, the
coordination—insertion mechanism is reported to be initiated
by external activators for most homogeneous Ni systems,"’
except for methallyl®* and SHOP-type™ catalysts, it forms
internal alkenes as primary products, and the Ni metal center
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Scheme 2. Coordination—Insertion Mechanism for Ethene
Dimerization at [Ni(II)-H]" Active Site”
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“The formal oxidation state of Ni is +2 for all Ni intermediates.

does not undergo a redox cycle. The key differences between
the two mechanisms are summarized in Table 4.

Mechanistic studies for alkene dimerization catalysis using
Ni** cations supported on aluminosilicates can be ambiguous
when contributions from residual H* sites convolute the
analysis of alkene reaction pathways originating from Ni*" sites.
To discriminate the alkene reaction pathways originating from
Ni** cations and H" sites, 0.4 kPa of ethene was contacted at
453 K under differential conversion (<5%) with samples
containing only H" sites (H-[Al]Beta), both Ni** cations and
H* sites (Ni—H-[Al]Beta), both Ni** cations and trace
amounts of residual H* sites (Ni—Li-[Al]Beta) that have
been further prepoisoned with NH; (Ni—Li-[Al]Beta-NHj;),
and both Ni** cations and weaker residual H* sites (Ni—Li-
[Zn]Beta). Under these conditions (453 K, 0.4 kPa), ethene
conversion increased during initial time for the Ni—Li-
[Zn]Beta and Ni—Li-[Al]Beta-NH; samples (Figure S$23,
Supporting Information), while this activation behavior was
not observed for the H-[Al]Beta, Ni—H-[Al]Beta, and Ni—Li-
[Al]Beta samples (Figure S22, Supporting Information). On all

Table 4. Comparison between Coordination—Insertion and
Metallacycle Mechanisms for Homogeneous Ni Complexes
for Ethene Dimerization

coordination—insertion metallacycle
active site [Ni(I1)— H]* Ni®
activator requirement needed in most cases not needed
Ni oxidation state +2 6, 6+2
product selectivity 1-butene, cis-2-butene, trans-2- 1-butene
butene
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samples, ethene conversion decreased with further time on
stream (Figures S22 and S23, Supporting Information)
indicating deactivation at long times.

Figure 3 shows product molar selectivities for H-[Al]Beta,
Ni—H-[Al]Beta, Ni—Li-[Al]Beta, Ni—Li-[Al]Beta-NH,, and

[ Linear butenes MMIsobutene []>Cs; [&JlIsobutane MEH<C;

-

80 4

60

40 4

Molar selectivity / %

20 4

H{AlBeta Ni-H-[ABeta Ni-Li-[Al]Beta Ni-Li-[Al[Beta Ni-Li-[Zn]Beta
NH,

Figure 3. Product molar selectivities at 453 K, 0.4 kPa ethene for H-
[Al]Beta (1.4% conv), Ni—H-[Al]Beta (1.4% conv), Ni—Li-[Al]Beta
(1.4% conv), Ni—Li-[Zn]Beta (1.3% conv), and Ni—Li-[Al]Beta-NH,
(without pretreatment) (1.6% conv). Flame ionization detection limit
~ 0.02 ppm.

Ni—Li-[Zn]Beta at 453 K and 0.4 kPa ethene pressure. The
product molar selectivities for Ni—Li-[Al]Beta-NH; and Ni—
Li-[Zn]Beta were invariant with ethene conversion within
differential ranges (<2%) (Figures S24 and S2S, Supporting
Information) while those for H-[Al]Beta, Ni—H-[Al]Beta, and
Ni—Li-[Al]Beta changed with conversion (Figures S26—S28,
Supporting Information) and thus are compared at iso-
conversion values (1.4%) in Figure 3. All samples formed 1-
butene, cis-2-butene, and trans-2-butene isomers (linear
butenes). The H-[Al]Beta sample showed only 10% selectivity
toward linear butenes, and formed significant amounts of
isobutene, C; and smaller hydrocarbons, Cs and larger
hydrocarbons, and isobutane. The Ni—H-[Al]Beta sample
predominantly formed linear butenes and smaller amounts of
other products. The Ni—Li-[Al]Beta sample formed trace
amounts of cracking products and isobutene, while the Ni—Li-
[Al]Beta-NH; sample and the Ni—Li-[Zn]Beta sample
selectively (>99%) formed linear butenes without any other
detectable side products. These findings indicate that ethene
dimerization to form linear butenes occurs on Ni** cations,
while the H sites present on [Al]Beta samples also catalyze

the expected skeletal isomerization of dimer products to
isobutene, along with cracking, oligomerization, and hydride
transfer reactions.”*”"*

The linear butenes formed at Ni**-derived sites and H" sites
consisted of 1-butene, cis-2-butene, and trans-2-butene
isomers, suggesting that alkene double bond isomerization
may be catalyzed by both types of sites. The two competing
mechanisms (metallacycle and coordination—insertion) pro-
posed for alkene dimerization on Ni cations differ in their
selectivity toward the isomers of dimer products. In the case of
dimerization of terminal alkenes (a-olefins), the metallacycle
mechanism only forms terminal alkene dimers,*® whereas the
coordination—insertion mechanism forms both terminal and
internal alkene dimers.”> Moreover, the coordination—
insertion mechanism involves a primary reaction route for
forming internal alkene dimers, which does not require
desorption and readsorption of terminal alkene dimers
(Scheme 2). Therefore, to investigate the contributions of
butene isomer formation, the ratios of 2-butenes/1-butene and
isobutene/total butenes were measured (453 K, 0.2 kPa C,H,)
as a function of reaction time on H-[Al]Beta, Ni—Li-[Al]Beta,
and Ni—Li-[Zn]Beta. All samples deactivated under these
conditions, as the ethene conversion decreased with reaction
time (Figure S29, Supporting Information).

Figure 4a shows the 2-butenes/1-butene and isobutene/total
butene ratios measured with reaction time on H-[Al]Beta (453
K, 0.2 kPa, 250 s (mol ethene)™ mol H*), with a horizontal
dashed line denoting the 2-butenes/1-butene ratio expected
from thermodynamic equilibrium at 453 K (Section S.10,
Supporting Information). Linear butenes were formed in
equilibrated amounts at initial reaction times, but the 2-
butenes/1-butene ratio decreased with time on stream,
eventually reaching zero as the ethene conversion decreased
to zero upon complete deactivation of H* sites (Figure S29a,
Supporting Information). This decrease in 2-butenes/1-butene
ratio was also concurrent with the decrease in the isobutene/
total butenes ratio, consistent with the deactivation of H sites
that catalyze skeletal isomerization (Figure S29a, Supporting
Information).

Figure 4b shows the 2-butenes/l-butene ratio and the
isobutene/total butenes ratio, measured with reaction time on
Ni—Li-[Al]Beta (453 K, 0.2 kPa, 2.4 s (mol ethene)™ mol Ni).
In contrast to H-[Al]Beta, the initial 2-butenes/1-butene ratio
measured at this site-time was lower than that expected from
thermodynamic equilibrium, indicating that linear butenes
were not quasi-equilibrated. Also, during initial reaction times,
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Figure 4. Variation of 2-butenes/1-butene ratio (filled symbols) and isobutene/total butenes ratio (unfilled symbols) for (a) H-[Al]Beta (A) at
453 K, 0.2 kPa, 250 s (mol ethene)™" mol H*, (b) Ni—Li-[Al]Beta (M) (453 K, 0.4 kPa, 2.4 s (mol ethene)™ mol Ni), and (c) Ni—Li-[Zn]Beta
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a small fraction of isobutene was detected (Figure 4b),
attributed to skeletal isomerization on trace H' sites present
below the detection limits of the characterization techniques
used here (CO IR, AAS) or on H' sites generated in situ
during Ni** activation to form [Ni(II)-H]" intermediates and
proximal H* sites.”* The 2-butenes/1-butene ratio for Ni—Li-
[Al]Beta (Figure 4b) decreased with further time on stream,
concurrent with a decrease in the isobutene/total butenes
ratio, as expected from the deactivation of trace amounts of H*
sites. Isobutene was no longer detectable after 12 h of reaction
time, after which the 2-butenes/1-butene ratio reached a
steady state but nonequilibrated value despite continued
deactivation (Figure S29b, Supporting Information), indicating
that butene double bond isomerization as solely catalyzed by
the remaining Ni**-derived active sites as they continued to
deactivate.

To confirm that butene double bond isomerization was
catalyzed by Ni*"-derived active sites, the 2-butenes/1-butene
ratio was measured with reaction time on the Ni—Li-[Zn]Beta
sample (453 K, 0.7 kPa, 10.6 s (mol ethene)™ mol Ni), as
shown in Figure 4c. The 2-butenes/1-butene ratio decreased
with reaction time to eventually reach a steady state but
nonequilibrated value despite continued deactivation (Figure
S29¢, Supporting Information), similar to the observation on
Ni—Li-[Al]Beta. No skeletal isomer products of butene were
detected for Ni—Li-[Zn]Beta, although residual H* sites on
[Zn]Beta formed double bond isomerization products, as also
reported previously for propene oligomerization (453 K).”
Therefore, the decrease in 2-butenes/1-butene ratio with time
on stream for Ni—Li-[Zn]Beta may be attributed to the
deactivation of residual H* sites, which mediate alkene double
bond isomerization but not alkene skeletal isomerization under
the conditions studied. The steady-state but nonequilibrium
distribution of linear butenes on Ni—Li-[Al]Beta and Ni—Li-
[Zn]Beta samples, after residual H* sites had deactivated,
reflects butene double bond isomerization events that occur at
Ni?*-derived active sites.

Butene double bond isomerization on Ni—Li-[Al]Beta and
Ni—Li-[Zn]Beta occur at both Ni**-derived and H' sites
during initial reaction times, but only at remaining Ni*'-
derived sites at long time on stream, as denoted by the dotted
lines in Figure 4 for the asymptotic limit for 2-butenes/1-
butene ratio. To probe whether double bond isomerization
pathways reflected primary or secondary reactions on Ni**-
derived and H sites, the reactant site-time was varied at fixed
ethene pressure at 453 K. The effect of reactant site-time on
the 2-butenes/1-butene ratio measured at initial reaction times,
during which both Ni**-derived and H" sites are turning over,
and on the 2-butenes/1-butene ratio measured in the
asymptotic limit at long reaction times, during which only
Ni**-derived sites are turning over, is shown in Figure Sa,b for
Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta, respectively. The
asymptotic 2-butenes/1-butene ratio was invariant with site-
time for Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta, indicating that
butene double bond isomerization on Ni**-derived sites occurs
via primary pathways, consistent with the coordination—
insertion mechanism. In contrast, the initial 2-butenes/1-
butene ratio measured on Ni—Li-[Al]Beta increased with
increasing site-time (Figure Sa), with a nonzero value upon
extrapolation to zero site-time, consistent with a secondary
reaction pathway for butene double bond isomerization on
residual H* sites that occurs in parallel to a primary reaction
pathway on Ni**-derived sites. The initial 2-butenes/1-butene
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Figure S. Effect of site-time on 2-butenes/1-butene ratio measured at
453 K during initial time on stream (hollow symbols) and after
reaching asymptotic limit (filled symbols) for (a) Ni—Li-[Al]Beta (M)
at 0.2 kPa and (b) Ni—Li-[Zn]Beta (®) at 0.7 kPa. Lines are included
as guides: equilibrated 2-butenes/1-butene ratio at 453 K (— — — )
and asymptotic steady-state 2-butenes/1-butene ratio (---).

ratio measured on Ni—Li-[Zn]Beta (Figure Sb) showed no
discernible dependence on reactant site-time, because of the
low conversion range studied here, precluding any conclusions
about the nature of alkene double bond isomerization
pathways at non-Ni**-derived sites on this sample.

Prior reports have proposed that Ni sites catalyze butene
double bond isomerization on Ni—H-[Al]Y,”® based on 1-
butene selectivities among the C, products measured during
pseudo steady state at long times on stream, after residual H*
sites had presumably deactivated, which were similar to those
measured on Ni—H-[Al]Y samples, whose H* sites were
poisoned with NH; or pyridine. Yet, other reports (ethene
oligomerization at 323—423 K on Ni—H-[Al]MCM-41,"° Ni—
H-[AI]MCM-22,” Ni—H-[AI]MCM-36,” Ni—H-[Al]JUSY,*
and Ni—H-[Al]SBA-15>") propose 1-butene formation at Ni
sites and secondary double-bond isomerization at H* sites,
based on 1-butene selectivities that decrease with increasing
H* site density and reactant site-time (ethene conversion).
Although previously reported decreases in 1-butene selectivity
with increasing site-time”' are consistent with the observations
in Figure Sa, the data and analysis presented here clarify that
these observations reflect double bond isomerization via
secondary reaction pathways at H' sites, which operate in
parallel to a primary reaction pathway at Ni**-derived sites.

3.4. Active Site Structure and Formation in Absence
of an Activator. Another distinction between the coordina-
tion—insertion and metallacycle mechanisms is the difference
between their purported active site structures. Active sites for
the coordination—insertion mechanism are proposed to be
Ni(II)-hydride or Ni(II)-alkyl species, often generated from
Ni** cations using external activators or initiators, while those
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for the metallacycle mechanism are also proposed to include
reduced Ni states, whose formation does not require external
activators. Both Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta samples
show evidence for coordination—insertion mechanism, even
though external activators were absent, although Ni—Li-
[Zn]Beta (but not Ni—Li-[Al]Beta) showed an activation
transient at 453 K and 0.4 kPa ethene during initial reaction
times (Figures S21 and S22, Supporting Information). This
activation transient, however, was also observed for Ni—Li-
[Al]Beta (Figure S30, Supporting Information) for ethene
pressures below 0.4 kPa, while for Ni—Li-[Zn]Beta (Figure
S31, Supporting Information) it was observed for all ethene
pressures (0—1 kPa) studied.

The duration of the activation transient for Ni—Li-[ Al]Beta
at 453 K and fixed ethene pressure was invariant with ethene
site-time at each pressure studied (Figure S32a, Supporting
Information), while no discernible dependence on ethene site-
time was observed for Ni—Li-[Zn]Beta (Figure S32b,
Supporting Information). The activation period measured on
Ni—Li-[Al]Beta decreased with increasing ethene pressure and
was undetectable above 0.4 kPa, while that measured on Ni—
Li-[Zn]Beta was invariant with ethene pressure, as shown in
Figure 6. These findings are consistent with ethene-assisted
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Figure 6. Effect of ethene pressure on activation period measured at
453 K for Ni—Li-[Al]Beta (M) and Ni—Li-[Zn]Beta (@).

formation of Ni-hydride intermediates in situ from exchanged
Ni** cations on Ni—Li-[Al]Beta, as proposed by experiment to
occur at Ni** cations in Ni—H-[Al]Beta via C—H bond
activation of ethene to form Ni-ethenyl-hydride intermedi-
ates.’® Density functional theory (DFT) (BEEF-vdW)
studies” at Ni*" cations in Ni-AFI have also proposed that
the reaction of two ethene molecules followed by deprotona-
tion leads to formation of a framework H* site and a [Ni(II)-
butenyl]* complex, which then transforms into an agostic
[Ni(II)-butadiene-H]* complex that undergoes p-hydride
elimination (chain transfer) with ethene to form 1,3-butadiene
and a [Ni(II)-hydride-ethene]" intermediate. In contrast to the
behavior observed on Ni—Li-[Al]Beta, the weak effects of
ethene pressure (in the range studied) on the duration of the
activation period measured on Ni—Li-[Zn]Beta (Figure 6)
likely reflects the presence of a minority amount of exchanged
Ni** cations that form hydride intermediates.

To determine if the activation transient reflects the
formation of [Ni(II)-H]* intermediates, butenes site-time
yields were measured on Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta
in the presence of co-fed H, and were compared to those

measured in the absence of co-fed H,. Butenes site-time yields
were taken as the sum of those for 1-butene, cis-2-butene,
trans-2-butene, and isobutene (a secondary reaction product
formed from linear butenes). Although the trace amounts of
isobutene observed on Ni—Li-[Al]Beta suggest that minority
H* sites are present that also catalyze ethene dimerization,
their contributions to butenes site-time yields were assumed to
be negligible, because initial site-time yields estimated (without
co-fed H,) at zero site-time on H-[Al]Beta (453 K, per H',
Table S6) are 20X lower than those measured on Ni—Li-
[Al]Beta (453 K, per Ni, Section S.13, Supporting
Information). Also, the initial site-time yields measured on
Ni—Li-[Zn]Beta (453 K, per Ni, Section S.13, Supporting
Information) are 2 orders of magnitude lower than those on
Ni—Li-[Al]Beta, indicating that the grafted octahedral Ni*"
cations predominantly present on Ni—Li-[Zn]Beta (2196 cm™!
CO IR, Figure lc) are less reactive than the exchanged,
tetrahedral Ni** cations present on Ni—Li-[Al]Beta. It is
plausible that the minority charge-compensating Ni** cations
present (2222 cm™' CO IR, Figure lc) are precursors to the
dominant dimerization active sites on Ni—Li-[Zn]Beta.
Figure 7a,b shows the butenes site-time yield with time on
stream for Ni—Li-[Al]Beta (0.05 kPa ethene, 453 K) and Ni—
Li-[Zn]Beta (0.7 kPa ethene, 453 K), respectively, in the
absence and presence of co-fed H, (S kPa for Ni—Li-[Al]Beta
and 7 kPa for Ni—Li-[Zn]Beta). In the absence of co-fed H,,
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Figure 7. Butenes site-time yields at 453 K in the presence (hollow
symbols) and absence (filled symbols) of H,, and the ratio of site-time
yields (STY) of ethane to butenes (symbols with cross), measured on
(a) Ni—Li-[Al]Beta (M) at 0.05 kPa ethene, 11.1 s (mol ethene)™
mol Ni, 5 kPa H, and (b) Ni—Li-[Zn]Beta (@) at 0.7 kPa, 20 s (mol
ethene)™" mol Ni, 7 kPa H,. Lines are intended as guides, and the
shaded region shows the activation period in absence of H,.
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the butenes site-time yield on Ni—Li-[Al]Beta (Figure 7a) and
Ni—Li-[Zn]Beta (Figure 7b) initially increased with time on
stream during an activation period and then decreased during a
deactivation period. A similar activation period was reported
by Mlinar et. al'> during initial reaction times for propene
oligomerization on Ni—Na-[Al]X at 453 K, which was
attributed to migration of Ni** cations from the hexagonal
prisms of faujasite (FAU) to the sodalite cages and their
coordination with propene to form a [Ni(II)-alkyl]* complex.
Yet, this proposal seems unlikely for Ni** cations exchanged
onto Beta frameworks that are located within 12-membered
ring (12-MR) voids and accessible to alkene reactants. Further,
in the presence of co-fed H,, the activation transient was not
observed for Ni—Li-[Al]Beta (Figure 7a) nor for Ni—Li-
[Zn]Beta (Figure 7b), consistent with facilitated formation of
[Ni(II)-H]* intermediates in the presence of H,. Moreover,
Ni—Li-[Al]Beta showed the same deactivation transient with
and without co-fed H, after ~5 h of time on stream (Figure
7a), indicating that a similar fraction of Ni*" cations were
transformed into active [Ni(II)-H]* intermediates in the
presence and absence of H,. In the case of Ni—Li-[Zn]Beta,
butenes site-time vyields were significantly higher in the
presence of hydrogen (Figure 7b), which we surmise resulted
in the formation of an increased number of active [Ni(II)-H]*
intermediates from spectator Ni** cations that are predom-
inantly grafted in the framework Beta, or in the formation of
Zn-hydride intermediates that could also be active for ethene
dimerization.

Co-fed H, also resulted in the formation of ethane as a side
product via ethene hydrogenation. The ratio of ethane-to-
butenes site-time yields is shown on the secondary axes of
Figure 7a,b for Ni—Li-[Al]Beta (0.05 kPa C,H,, 5 kPa H,, 453
K) and Ni—Li-[Zn]Beta (0.7 kPa C,H,, 7 kPa H,, 453 K),
respectively. This site-time yield ratio initially increased with
time on stream for Ni—Li-[Zn]Beta but not for Ni—Li-
[Al]Beta, and it decreased at longer times on stream to
approach near unity values on both samples. This behavior is
consistent with the presence of metal-hydride (Ni”" Zn,”®
Co”) intermediates, which have been reported to mediate
alkene hydrogenation and alkane dehydrogenation cycles.

To further probe the formation of Ni-hydride intermediates
in the presence of co-fed molecular hydrogen, H/D isotopic
scrambling experiments were performed using different inlet
H, and D, compositions at 453 K on Ni—Li-[Al]Beta and Ni—
Li-[Zn]Beta, and on the Li-[Al]Beta, H-[Al]Beta, and Li-
[Zn]Beta control samples. Ni—Li-[Al]Beta (Figure S37,
Supporting Information) and Ni—Li-[Zn]Beta (Figure S38,
Supporting Information) samples statistically scrambled the
isotopic content of inlet H,—D, mixtures in the effluent HD
products, which was verified by comparisons to isotopic
equilibration achieved in analogous H,—D, scrambling experi-
ments performed on a 1% Pt/Al,O; sample (prereduced using
H,, 673 K, 1 h) (Figure S36, Supporting Information). Such
isotopic scrambling was not observed on the control samples
that did not contain Ni species (Li-[Al]Beta, H-[Al]Beta, Li-
[Zn]Beta; Figures S37 and S$38, Supporting Information).

The number of Ni** sites that reversibly form [Ni(II)-H]* or
[Ni(II)-D]* intermediates (at 453 K) was estimated from
sequential H,—D, exchange experiments performed on Ni—Li-
[Al]Beta and Ni—Li-[Zn]Beta (details in Section S.14.5,
Supporting Information). Table S reports the amount of HD
formed (per Ni site) on Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta
samples after each H,/D, step change, after correcting for

Table 5. Quantification of Nickel Hydrides by Sequential
H,—D, Exchange Experiments at 453 K

mol HD (mol Ni)™*

catalyst H, > D, D, > H, mol HD (mol Ni)™* (average)
Ni—Li-[Al]Beta 0.92 0.85 0.87
0.88 0.85
0.87 0.85
Ni-Li-[Zn]Beta  0.32 032 031
0.32 0.32
0.30 0.31

residual contributions from non-Ni sites measured on
corresponding Li-exchanged control samples (details in
Section S.14.6, Supporting Information). On average, the
number of [Ni(II)-H]* intermediates was quantified to be 0.87
and 0.31 on Ni—Li-[Al]Beta and Ni—Li-[Zn]Beta, respectively
(Table S). The near unity value of 0.87 HD (per Ni) on Ni—
Li-[Al]Beta reflects H—D exchange at nearly all Ni sites, which
are predominantly present as exchanged Ni** cations (Sections
3.1 and 3.2). The subunity value of 0.30 HD (per Ni) on Ni—
Li-[Zn]Beta reflects the presence of some grafted Ni** cations
(Sections 3.1 and 3.2) that do not undergo H—D exchange
under the conditions studied. Taken together, the H/D
isotopic scrambling and H,—D, exchange experiments provide
quantitative evidence for the formation of [Ni(II)-H]*
structures in the presence of H, at 453 K and provide
justification for the elimination of activation transients on Ni—
Li-[Al]Beta and Ni—Li-[Zn]Beta (Figure 7) in the presence of
co-fed H,.

4. CONCLUSIONS

Efforts to distinguish between metallacycle and coordination—
insertion mechanisms for alkene dimerization catalyzed by Ni-
based aluminosilicates are complicated, in part because residual
H" sites on these supports also catalyze alkene dimerization
and isomerization reactions. Ethene reaction pathways on Ni*"
cations and residual H sites on aluminosilicate compositions
of zeolite Beta were distinguished here by studying model
materials that were prepared by progressively poisoning or
weakening the strength of residual H" sites to suppress their
reactivity. Ni**-derived sites selectively catalyze ethene
dimerization to form linear butenes, while the H* sites on
aluminosilicate Beta also catalyze cracking, oligomerization,
hydride transfer, and skeletal isomerization of alkenes.
Isobutene skeletal isomers of linear butenes were taken as a
kinetic marker for the presence of residual H" sites, allowing
discrimination of butene double bond isomerization pathways
originating from H'- and Ni**-derived sites. Double bond
isomerization of 1-butene to 2-butene isomers occurred by
secondary pathways on H' sites, but by primary reaction
pathways on Ni**-derived sites, consistent with Ni-catalyzed
coordination—insertion dimerization of ethene. Further, in situ
X-ray absorption spectroscopy showed that Ni cations retained
their +2 oxidation state during ethene dimerization, also
consistent with coordination—insertion mechanism.

Ni** cations in Beta molecular sieves operate characteristi-
cally by the coordination—insertion mechanism of alkene
dimerization in the absence of externally supplied activators or
cocatalysts, although these are required to initiate coordina-
tion—insertion catalytic cycles in the case of a-diimine Ni
complexes and Ni** cations supported on metal—organic
frameworks. In the absence of external activators, an activation
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transient observed under dilute ethene conditions (<0.4 kPa)
was eliminated by co-feeding H, to facilitate the in situ
formation of [Ni(II)-H]* species, which are the proposed
active sites in the coordination—insertion mechanism. The H,-
assisted formation of [Ni(II)-H]* species was verified by H/D
isotopic scrambling, and H,—D, isotopic exchange experiments
quantified the number of [Ni(II)-H]* intermediates formed. In
the absence of H, and external activators, the duration of the
activation transient decreased with increasing ethene pressures,
indicating that active Ni**-derived intermediates in the
coordination—insertion mechanism are likely formed in situ
upon reaction with ethene.

Taken together, alkene double bond isomerization at Ni?
cations by a primary reaction pathway, the +2 oxidation state
of Ni cations during dimerization catalysis, and the formation
of [Ni(II)-H]* active intermediates, provide incontrovertible
evidence for the dominance of coordination—insertion
mechanism, and not the metallacycle mechanism, as the origin
of alkene dimerization on Ni-exchanged zeolites. This implies
that kinetic, and not thermodynamic, factors influence isomer
distributions within alkene dimer products, providing an
opportunity to influence the selectivity toward a-olefin isomers
that are the desired comonomers in industrially practiced
polymerization of ethene and propene.'”’ Knowledge of the
dominant reaction mechanism also provides a framework to
interpret the kinetic effects of varying other catalyst structural
teatures, such as the confining void environments around N
cations.
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